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ABSTRACT: In this study, global wave climates for present and future climates are simulated by the WAM model, 
based on wind climate data from the JMA/MRI-AGCM3.2 climate change projection. This study is based on two 6-
hourly wind data sets, covering two periods of 1979-2003 (present climate) and 2075-2099 (future climate). These wind 
data are used to run the WAM model for generating output of wave characteristics. The outputs from each period then 
were used to study global wave climate in the future. It is found that the wave climate is strongly dependent on latitude, 
with the largest waves, as well as most significant seasonal variations, located at the mid to high latitude regions. These 
areas are also where the climate induced changes from present to future climate are most noteworthy. The largest 
increases of significant wave height of approximately +5%, is experienced in the southern parts of the Indian, Pacific 
and Atlantic Oceans as well as in the Antarctic Ocean. The largest decreases are of the same order, and limited to the 
northern Atlantic Ocean  
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INTRODUCTION 
Waves and the general conditions of the oceans 
affect coastal regions and marine activities on a daily 
basis, all over the world. It is becoming increasingly 
clear that human activity is affecting not only the 
atmospheric climate, but also the characteristics of our 
oceans. As the composition of the atmosphere changes 
and the concentration of green-house gases increases the 
impact on the environment as a whole steadily grows.  
The ocean climate is affected by increasing 
temperatures in many different ways. A static side-effect 
of global warming is for example the thermal expansion 
of the oceans resulting in rising sea levels. Effects of this 
phenomenon can already be seen in many coastal regions 
where coastal erosion and inundations are common 
problems. According to the IPCC (2007) the sea-level 
has risen by 1.7 ± 0.3 mm/year since the second half of 
the 19th century and the rate seems to have increased 
during the last decade.  
The dynamic side-effects of the warming climate are 
the expected changes of the behavior of ocean waves, 
storm surges and other extreme events (IPCC, 2007). 
Reports of increased extreme climate in many parts of 
the world make the importance of understanding and 
assessing the effects of climate change greater than ever 
before. The number of coastal and marine activities and 
applications which are dependent on reliable and long- 
information about wind term and wave climate are also 
constantly increasing, and with that the necessity of 
predictions and forecasts of future development.  
There have been numerous studies performed, 
assessing effects of future climate change, both for the 
static effects such as sea level rise, as well as on the 
dynamic side-effects, in which the change of wave 
climates is included. A large part of these studies are, 
understandably focused on the development of future 
extreme events such as tropical storms and cyclones. 
Very few studies have, however been done on the global 
scale effects of climate change on ocean waves.  
One study that does consider global effects is 
presented in Mori et al. (2010). In this report a similar 
study to the one presented here is described using the 
wind fields simulated by the MRI/JMA-AGCM3.1 to 
model the past, close future and future average and 
extreme wave in the SWAN model. When comparing 
averaged values of the significant wave height over the 
periods, 1979-2003, 2015-2031 and 2075-2099, Mori et 
al. (2010) find that the changes in wave climate over 
time have a strong latitude dependency. According to the 
results presented, the mean wave heights will increase 
both in mid-latitudes areas, as well as in the Antarctic 
Ocean, whilst the equatorial region as well as the area 
off the coast of Japan will experience decreased average 
wave heights. However, this latter area, in the proximity 
of the Japanese islands, is projected to experience 
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increased magnitudes of extreme waves due to tropical 
cyclones.  
Another study concerning the future development of 
significant wave height is described in Wang et al. 
(2004), where a statistical model was applied to the 
output from the CGCM2 (Canadian Centre for Climate 
Modelling and Analysis) coupled atmosphere-ocean 
model for three different emission scenarios. The 
analysis was limited to the future wave fields of the 
North Atlantic Ocean. It is found that the monthly wave 
height in the north-east Atlantic Ocean as well as in the 
south-western North Atlantic will increase towards the 
end of the 21st while decreases were projected for the 
mid-latitudes.  
The aim of this present study is to evaluate the 
effects of climate change and compare wave climates 
between simulations for the present and the future 
climate. The wave simulations are analyzed on a global 
scale with the main focus directed at the evolution of the 
average and everyday wave fields, under the influence of 
changing climate. The wave predictions that are used for 
the analysis is modeled by the WAM numerical wave 
model with input wind fields from the JMA/MRI-
AGCM3.2. This is an Atmospheric General Circulation 
Model of which the second version was recently 
developed through the collaboration between the 
Japanese Meteorological Agency, JMA, and the 
Meteorological Research Institute, MRI.  
 
METHODOLOGY 
Wind Climate Data 
In this study projected future wind fields from the 
JMA/MRI-AGCM3.2 is used as input to the WAM 
model, in order to simulate wave fields for the periods 
1979-2003 and 2075-2099. The AGCM3.2 is the most 
recent version of a model created by the Meteorological 
Research Institute (MRI) in collaboration with the 
Japanese Metrological Agency (JMA) intended for 
climate simulations as well as weather predictions 
(Mizuta, et al., 2006). The model can, for example, give 
information on possible future changes of tropical 
cyclones, the East Asian Monsoon, extreme events and 
other changes induced by global warming (Mizuta, et al., 
2011).  
When the previous version, JMA/MRI-AGCM3.1, 
was developed it was the first climate model that could 
stand long-time integration while being able to conserve 
mass and simulate realistic high-resolution global 
climate. The model can simulate global climate with a 
horizontal grid size as fine as around 20 km, a grid size 
corresponding to that which is usually only employed for 
Regional Circulation Models (RCMs) (Mizuta, et al., 
2011). One advantage with a high-resolution global 
model, over RCMs with similar resolution, is that 
problems with lateral boundary conditions can be 
avoided. Also the AGCM provides information on 
regions that have not been covered by a RCM simulation 
(Mizuta, et al., 2006).  
The initial model version, 3.1, was constructed from 
the JMA operational numerical weather prediction model 
based on observed sea surface temperature (SST). In the 
second version, 3.2, only smaller changes, including new 
parameterization schemes, were made in order to 
increase the accuracy of the model performance (Mizuta, 
et al., 2011). As reported by Mizuta et al (2011), the 
results of the experiments showed that the AGCM, 
especially the current version 3.2, can simulate the 
global climate in a realistic manner. When comparing 
the models standard deviations and correlation 
coefficients to those of an observed climatology most 
variables were found to be better in the AGCM3.2.  
 
WAM Model 
The numerical model used for this study is a third-
generation wave prediction system called the WAM 
model, originally developed by the Europe-based Wave 
Model Development and Implementation group 
(WAMDI). One of the main purposes of the model was 
to enable operational wave prediction on a global scale 
(Janssen P., 2004). The first global version of the model 
was ready for use in 1992, and has since then been 
implemented at numerous institutions all over the world.  
The WAM model runs are performed on regular 
longitude/latitude global grid with a fixed resolution of 1 
degree, extending from 75o south to 65o north. The 
spectral domain is discretized in 25 frequency bins from 
0.041 Hz to 0.411 Hz, and in the direction-space a full 
circle is used with resolution of 15o. The WAM model is 
run in deep water mode and consequently, bottom fiction 
is disregarded. The WAM model is force every 6 hours 
with wind field in 10 m height above the sea surface 
from JMA/MRI-AGCM3.2 (Mizuta et al, 2011) global 
climate model simulation at 20 km spatial resolution 
under A1B scenario.   
  
MODEL PERFORMANCE 
In order to gain knowledge about the correspondence 
between observed values and the simulated wave climate 
from the WAM model as well as the wind fields 
simulated by the AGCM, a comparative validation is 
performed. The wind fields from the AGCM provide one 
of the most fundamental elements for numerical wave 
modeling since they are the only source of energy input 
to the system. This relation consequently makes the 
importance of accurate wind information much greater 
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since erroneous wind fields result in even larger errors in 
the wave fields.  
For the validation process the modelled wind and 
wave records at three locations in the northern Pacific 
Ocean are compared to observed records measured by 
three NOAA buoys. The three buoys used for the 
comparison are: a NOMAD buoy in the Gulf of Alaska 
known as station 46001 and two discus buoys, stations 
51002 and 51003, placed south of Hawaii. Some buoy 
characteristics are presented in table 1. 
 
Table 1 – Locations and local wave depth for NOAA buoys 
46001, 51002 and 51003  
Station Lat Long Water 
depth (m) 
Period of 
data (yrs) 
46001 56.300 N 148.021 W 4206 1979-2003 
51002 17.094 N 157.808 W 5002 1984-2003 
51003 19.018 N 160.582 W 4919 1984-2003 
 
The wave projection is evaluated by comparing the 
distributions of hourly values of wind speed and 
significant wave height at the tree locations, illustrated in 
Figure 1 (46001), Figure 2 (51002) and Figure 3 
(51003). In addition, the mean values of the distributions 
are compared for modeled and observed values, as well 
as the spread of the distribution, based on the range 
between the 10th and 90th percentile.   
 
 
 
 
Figure 1- Probability density plots for significant wave height, 
Hs, and wind speed at 10 m height, U10, for modelled values 
and observations from NOAA buoy station 46001 located in 
the Gulf of Alaska.  
 
 
 
Figure 2 - Probability density plots for significant wave height, 
Hs, and wind speed at 10 m height, U10, for modelled values 
and observations from NOAA buoy station 51002 located 
South of Hawaii in the Pacific Ocean.  
 
 
 
Figure 3 - Probability density plots for significant wave height, 
Hs, and wind speed at 10 m height, U10, for modelled values 
and observations from NOAA buoy station 51003 located 
South of Hawaii in the Pacific Ocean.  
 
 
 
Table 2 – Comparison of statistical parameters for the present 
climate, between modeled and observed wind speed, U10, and 
significant wave height, Hs, distributions. 
 U10 Hs 
Station Mean Range 
10-90 
perc 
Mean Range 
10-90 
perc 
46001 1.262 0.929 0.968 1.151 
51002 1.043 0.845 0.987 0.625 
51003 1.100 0.769 1.013 0.749 
Average 1.135 0.847 0.989 0.842 
 
Ratios for the statistical parameters describing the 
wind speed and wave distribution is presented in Table 
2. This comparison shows that there are notable 
differences between the observed and modeled data 
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series for the present climate period. Based on the 
averaged differences over the tree locations, it is seen 
that the mean value of significant wave height is 
estimated very accurately by the model, with an 
underestimation of only 1%. The mean wind speed on 
the other hand, is overestimated by 13.5%. The range 
between the 10th and 90th percentile are underestimated 
by the models for both wind speed and significant wave 
height, This is consistent with the appearance of the 
more narrow distributions for the modeled values, 
presented in figure 1 - figure 3. In the validation process 
performed for that high-resolution study the wind fields 
show a better correlation with the buoy observations but 
are still overestimated by 7%.  
The conclusion to be drawn from this evaluation is 
that there are clear uncertainties to be considered in the 
modeled representations of the wind and wave 
characteristics. Especially the inaccuracies for the wind 
speed is troublesome since faulty wind input to the 
WAM model can produce even larger error in the wave 
data. There also the uncertainties related to the 
evaluation process itself to be taken into account. With 
this in mind, it is still possible to estimate the ratio of 
change between the present and future climate which is 
the main focus of this study. 
 
RESULT AND DISCUSSION  
In the following chapter the results from the global 
analysis and comparison between present and future 
wave climates will be presented. The aim of this 
assessment is to give an overview of the spatial patterns 
related to the global distribution of significant wave 
height, as well as to evaluate and locate possible changes 
between the present and future climate. Both yearly 
averages and seasonal differences are studied.  
 
Annual Mean Significant Wave Height 
The period averaged distribution of significant wave 
height, numerically modeled by the WAM model, is 
presented in Figure 4 for the present (top) and future 
climate (bottom).  
Figure 4 clearly illustrates a strong latitude 
dependence of the average significant wave height 
distribution. The largest significant wave height 
(approximately 5 m and above) are experienced in the 
high-latitude regions, approximately around 40oN-60oN 
and 40oS-70oS respectively (the Southern Indian, Pacific 
and Atlantic Oceans as well as in the Antarctic Ocean).  
 
 
 
 
Figure 4 - Global distribution of significant wave height (m), 
simulated by the WAM model. The result is based on the 25-
year average for the periods 1979-2003 (top) and 2075-2099 
(bottom). 
 
 
 
Figure 5 - Change of the 25-year average of global significant 
wave height between present (1979-2003) and future (2075-
2099) climate simulations. The top figure shows the change, 
expressed in meters, and the bottom figure is based on the 
normalized change between the two periods, expressed in 
percent. 
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Figure 6 – Change of the 25-year average of global significant wave height based on the seasonal distributions (in percentage), 
between present (1979-2003) and future (2075-2099) climate simulations. The seasons are defined as the periods: December-
February (Winter), March-May (Spring), June-August (Summer) and September-November (Fall), respectively.  
 
The average significant wave height in the mid-
latitude regions, both north and south, are slightly 
smaller, ranging from 1-1.5 m. The calmest averaged 
wind conditions are found in the equatorial region e.g. 
around the Indonesian archipelago and of the west coast 
of Central America.  
Figure 5 also shows that the overall spatial 
distribution pattern of averaged significant wave height 
remains relatively similar between the simulations of the 
present and future climate. However, the magnitudes of 
the averaged significant wave height change in many 
places between the two periods. To explain these 
quantitative transformations of the wave climate, the 
change between the two periods is plotted in Figure 5. 
The change is expressed both in meters (upper figure) 
and percentages (bottom figure). 
The largest increases are, like before located in the 
Southern Atlantic, Indian and parts of the Pacific Ocean 
as well as in the Antarctic Ocean. In this region the 
changes in average significant wave height locally 
reaches levels of up to 5%, and increase above 2.5% is 
wide spread (corresponding to changes of average wave 
height of 0.1-0.2 m). Compared to the change in wind 
speed the areas of large increases are considerably more 
extensive. Also noticeable is the large area of 
significantly lower future wave heights in the North 
Atlantic Ocean. A considerable part of this region shows 
decreases of 5% and above.   
Interestingly, the north western region of the Pacific 
Ocean, the tropical cyclone intense area off the coast of 
Japan, shows a clear decrease of the mean significant 
wave height. As mentioned that tropical storms are likely 
to increase in the region, in a future warmer climate. It is 
therefore once again meaningful to point out the 
fundamental differences of the processes creating the 
daily average climate and the processes behind extreme 
events. Thus these phenomena should always be 
analyzed and evaluated separately. 
 
Seasonal Mean Significant Wave Height 
In many parts of the world the wave climate and the 
magnitude of waves are strongly dependent on the time 
of year. The years have thus been divided into four 
periods: winter season from December to February; 
spring season from March to May; summer season from 
June to August and fall season from September to 
November. This division will not fully satisfy seasonal 
changes in every part of the world (and the naming of 
the seasons would naturally be the reverse if based on 
the calendar in the Southern Hemisphere) but based on 
the monthly distributions this grouping of months is 
judged to best represent the yearly variations on a global 
scale  
Figure 6 illustrates the distribution of the period 
averaged significant wave height based on the seasonal 
averages and the seasonal change is expressed in 
percentages. The changes in averaged significant wave 
height throughout the period December to February are 
pretty minor in large parts of the world. There are 
however, areas such as most of the Atlantic Ocean as 
well as the western Pacific Ocean which show quite 
significant decreases of wave height, ranging from 2.5% 
to as much as 10% in some areas. A slight increase of 
wave heights in the proximity of the Gulf of Alaska is 
also visible.  
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Spring season presents notable increases of wave 
heights in the North Pacific Ocean by up to 5%. 
Increases are also experienced along in the southern 
parts of the Indian and Pacific Oceans as well as in an 
area west of the South American continent. A significant 
decrease of the wave fields in the northern Atlantic 
Ocean, ranging from 5% to more than 10% can also be 
seen.  
During summer season large increases of wave 
height are shown in the Southern Hemisphere. Largest 
are the increase south of Australia and New Zeeland 
where, locally, the change is more than 10%. Further 
increases, of approximately 2.5% - 5%, are found in the 
southern and east South Atlantic Ocean. In the northern 
high-latitude regions the significant wave heights tend to 
become somewhat lower in the future, while most of the 
equatorial remain quite unaffected.  
Finally, fall season show continuously large increases 
in the high-latitude regions of the Southern Hemisphere. 
Large areas in the Northern Hemisphere are affected by 
reduced wave heights, especially in the western parts of 
the North Pacific and North Atlantic Oceans. 
 
CONCLUSION 
The study presented in this paper show projected 
future changes in global wave climate fields derived 
from the wind field output of the JMA/MRI-AGCM3.2 
model. The wave fields are numerically modeled by the 
WAM model for a resolution of 1 degree. The aim of the 
study is to give an overview of impending changes in 
wave climate from present to future under the effects of 
climate change.  
The results of the analysis of the global wave climate 
give a very clear idea of where, and by how much the 
wave climate is plausible to change based on the 
projected evolution of the climate. There is no 
unanimous trend of increasing or decreasing wave height 
since the evolution of the wave climate is very strongly 
related to location. The regions of furthermost interest in 
the assessment of future changes of wave climate are 
found to be the mid- to high latitudes, with significant 
increases in the order of 5%, in the Southern Hemisphere 
and local regions of the northern Pacific Ocean, and 
decreases of the same magnitude in especially the North 
Atlantic Ocean.  Large parts of the world appear to go 
quite unaffected through the projected climate change. It 
is however important to remember that this analysis is 
mostly limited to the average and everyday wave 
climate, and thus does not account for possible changes 
of events going outside the range of normal climate 
conditions. 
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